ABSTRACT A walking-type piezoelectric actuator based on the parasitic motion of flexure mechanisms is proposed in this paper. With the help of the parasitic motion of the asymmetrical flexure mechanism, the conventional walking-type piezoelectric actuator with four piezoelectric elements and four input signals is simplified to be with only two piezoelectric elements with two input signals. The finite element method has been utilized to quantitatively investigate the parasitic motion of the asymmetrical flexure mechanism. A series of experiments have been carried out to investigate the working performance (stepping performance, speed performance, and load performance) of the proposed walking-type piezoelectric actuator. The results indicate that the minimum stepping displacement is L = 0.18 µm, under the condition of U = 30 V and f = 1 Hz. In addition, the maximum motion speed is V s = 39.78 µm/s in the case that U = 100 V and f = 20 Hz. This paper confirms the feasibility of the utilization of parasitic motion in the simplification and design of the walking-type piezoelectric actuators.
I. INTRODUCTION
Piezoelectric actuators are widely utilized in nanopositioning systems due to the remarkable advantages of rapid response, high positioning resolution, and high electromagnetic resistance. Up to now, piezoelectric actuators are found in a variety of research and industrial fields, such as aerospace [1] , optical engineering [2] , [3] , ultra-precision machining [4] , [5] , and even the biomedical science in recent years [6] , [7] . However, the motion stroke of piezoelectric elements is always within tens of micrometers, which greatly limits the further application of piezoelectric actuators. How to improve the motion stroke of piezoelectric actuators has been one of the most interesting and significant question for researchers in piezoelectric actuator field. Until now, many working principles have been proposed by researchers to solve the limited motion stroke of piezoelectric actuators. According to the working principles, piezoelectric actuators are mainly divided into direct-driven type [8] - [11] , ultrasonic
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type [12] , [13] , inchworm type [14] - [16] , friction-inertia type [17] , [18] , and walking type [19] - [21] .
The direct-driven type piezoelectric actuators usually apply the flexure hinge mechanism to amplify the motion stroke of piezoelectric elements [22] . However, the motion stroke of the direct-driven type piezoelectric actuator is still within hundreds of micrometers. Ultrasonic type piezoelectric actuators work under the resonant condition, which brings friction and heat generation problems [23] . The motion stroke of them can be enlarged to millimeters or more. Inchworm type piezoelectric actuators mimic the motion process of inchworm in nature to achieve large motion stroke step by step. Generally, they have two clamping units and one driving unit, which makes the whole structure and control system complicated [24] . The motion stroke is several or tens of millimeters by stepping motion. Friction-inertia type piezoelectric actuators exploit the inertial force and friction force to achieve stepping motion. The motion stroke of them is limited by the length of the slider. Even though they can achieve high motion speed and high resolution, the output force is limited, since the utilization of inertial force [25] .
For walking type piezoelectric actuators, the shaft is fed by several piezoelectric ''legs'' during the motion [26] . Hence, the walking type piezoelectric actuator could easily achieve continuous and smooth stepping motion with high rigidity and large motion stroke. The motion stroke of them can be tens of millimeters or more, which is limited to the length of the slider. Generally, previous walking type piezoelectric actuators exploit at least two piezoelectric ''legs'' with four piezoelectric elements and four input control signals (two for bending motion, two for longitude motion) for the stepping motion, which leads to the complicated structure and control system.
In this study, to simplify the system of walking type piezoelectric actuators, the parasitic motion of asymmetrical flexure mechanisms is utilized to generate two direction motions with one piezoelectric element. It means that only two piezoelectric elements with two input signals are necessary for the proposed walking type piezoelectric actuator. The motion principle of the proposed actuator is illustrated. FEM is exploited to quantitatively investigate the parasitic motion of the asymmetrical flexure mechanism. Experiments are carried out to verify the feasibility of the firstly proposed walking type piezoelectric actuator based on the parasitic motion. This study shows the possibility of the simplification of walking type piezoelectric actuators, which is hopeful for the further application of walking type piezoelectric actuators in optical engineering, ultra-precision machining, and cell manipulation systems.
II. STRUCTURES AND MATERIALS
A. STURCTURE OF THE PROPOSED ACTUATOR Figure 1 illustrates the structure of the proposed walking type piezoelectric actuators based on the parasitic motion of flexure mechanisms. It is mainly constituted of the base, the slider, piezo-stack 1, piezo-stack 2, flexure mechanism 1, flexure mechanism 2, two wedge blocks, four micrometer knobs and eight screws. Piezo-stack 1 (AE0505D16, 5×5×20mm, NEC/TOKIN CORPORATION) is inserted into the flexure mechanism 1 by the wedge block to push the linear slider. The same assembling process goes for piezostack 2 and flexure mechanism 2. Four micrometer knobs (M6, SHSIWI CORPORATION) are utilized to adjust the preload force between the flexure mechanism and slider, due to the high adjusting resolution. The slider is a commercial linear guide from THK CORPORATION with high linearity. The flexure mechanisms are made by Aluminum alloy AL7075, and manufactured by wire cutting electrical discharge machining (WEDM). All the compositions are assembled stably on the base with eight M3 screws. The whole size of the proposed walking type piezoelectric actuator is 100 mm×60 mm×18 mm.
B. FLEXURE MECHANISM AND THE PARASITIC MOTION
The asymmetrical flexure mechanism is exploited to drive the linear slider with the parasitic motion. In our previous study, the parasitic motion of asymmetrical flexure hinge mechanisms have been investigated quantitatively [27] . In this study, the flexure mechanism is in the asymmetrical shape, which means that it could generate the parasitic motion in the case that the inserted piezo-stack extends, as is shown in Figure 2 . Eight right-angle flexure hinges are applied in this flexure mechanism to form the asymmetrical structure, seen in Figure 2 (a). In order to investigate the parasitic motion of the proposed asymmetrical flexure mechanism, the flexure mechanism geometric model is simplified, as is shown in Figure 2 (b), which is in a parallelogram structure. In the case that the piezo-stack extends, the contact point C moves to point C' around the rotation point A and B. Here, L c is the total motion distance between point C and C'. It is seen that L c is made up by the displacement L x in x direction and L y in y direction, which means that one piezo-stack generates two motions in x and y directions. L y is in the same direction with the piezo-stack extension. Hence, it is called the major motion of the flexure mechanism. L x is the motion displacement in x direction, which is vertical to the extension direction of the piezo-stack. Therefore, L x is the so called parasitic motion of the proposed asymmetrical flexure mechanism. In this study, both the major motion L y and parasitic motion L x are FIGURE 2. Structure of the flexure mechanism: (a) geometric model, (b) simplified model. VOLUME 7, 2019 utilized into the design of the walking type piezoelectric actuator. During the motion process, L y is employed to apply the preload force between the slider and the flexure mechanism, while L x is exploited to drive the slider to move in x direction. According to the previous research [27] , the parasitic motion displacement L x is obtained by the following
where L AE is the length between point A and E; θ is the original angle between the AE and AB; θ is the deformed angle between the AE' and AB.
C. SIMULATION OF THE FLEXURE MECHANISM
The flexure mechanism is one of the most import components for the proposed walking type piezoelectric actuator, since it generates the parasitic motion to drive the slider for linear motion. In order to quantitatively investigate the parasitic motion of the proposed asymmetrical flexure mechanism, FEM is utilized for the analysis by the commercial software ABAQUS. During the FEM simulation, the material of the flexure mechanism is set as AL7075, and the elastic modulus is E = 71.7 GPa, with a Poisson ratio of σ =0.3. The holes on the bottom are fixed with all the degrees of freedom (DOFs).
In the case that the flexure mechanism works, the piezo-stack will extend to push the beam EF. Therefore, in the FEM simulation, a displacement is applied on the middle of beam EF. Figure 3 illustrates the deformation results in x direction in the case that a displacement of 10 µm is applied. It is seen that the parasitic motion in xdirection is L x =7.92 µm. Table 1 
III. MOTION PRINCIPLE
For the conventional walking type piezoelectric actuators, at least two piezoelectric ''legs'' are needed to drive the slider alternatively. That is why they are called the ''walking'' type piezoelectric actuators. Additionally, in each piezoelectric ''leg'', at least two piezoelectric elements are necessary (one for the bending motion, one for the longitudinal motion). The motion principle for the walking type piezoelectric actuator is the ''circle motion'' of the piezoelectric ''leg''. In summary, each piezoelectric ''leg'' of the walking type piezoelectric actuator should achieve two motions in x and y directions.
In this study, the parasitic motion of the flexure mechanism is utilized for the proposed walking type piezoelectric actuator to simplify the whole system. Generally, the piezostack can only achieve only one motion along its longitudinal direction. Nevertheless, with the help of the asymmetrical flexure mechanism, one piezo-stack generates two motions in x and y directions, as is shown in Figure 2(b) . The parasitic motion L x in x direction is exploited to drive the slider for linear motion. However, only one flexure mechanism cannot obtain the walking type motion, at least two flexure mechanisms (''legs'') are needed. Additionally, the input voltages U 1 and U 2 are in the form of the square wave. The values of U 1 and U 2 are the same during the motion, only the phases of them are different. Figure 4 illustrates the motion principle of the proposed walking type piezoelectric actuator. As is shown in Figure 4 (a), at the beginning, both the piezo-stacks inside flexure mechanism 1 and flexure mechanism 2 are not powered. The slider keeps stable with the flexure mechanisms.
In Figure 4 (b), in the case that the input voltage U 1 rises up from the point a to b, piezo-stack 1 gets power quickly to push the flexure mechanism 1. Due to the asymmetrical structure of the flexure mechanism, a parasitic motion is generated in x direction to move the slider in x direction.
Since the applied voltage U 1 is in square waveform, in the case that the input voltage U 1 keeps from point b to c, the flexure mechanism 1 clamps the slider tightly.
In Figure 4 (c), in the case that the input voltage U 1 falls down from point c to d, piezo-stack 1 loses power quickly. Piezo-stack 1 loses power to retreat to the original position.
At the same time, the input voltage U 2 rises up quickly from the point a to b, piezo-stack 2 gets power to push flexure mechanism 2. Therefore, flexure mechanism 2 clamps the slider and pushes the slider to move again along x direction.
In other words, flexure mechanism 1 and flexure mechanism 2 works alternately, like two walking legs of human beings, the slider could generate continuous linear motion with large working range by repeating the above stepping motion. In this proposed walking type piezoelectric actuator, each flexure mechanism generates two motions in x and y directions. Hence, the ''circle motion'' is achieved by only one piezoelectric element. Therefore, the conventional walking type piezoelectric actuator is simplified. Figure 5 shows the experimental system of the proposed walking type piezoelectric actuator by the parasitic motion of the flexure mechanism. The experimental system mainly consists of one signal generator from RIGOL COMPANY, one signal amplifier E-500 from PI COMPANY, one prototype manufactured by the WEDM method, one linear laser sensor from KEYENCE COMPANY, and one PC. In the case that the experimental system works, the signal generator provides the required square voltage signals. And the signals are then amplified by the signal amplifier to drive the piezo-stacks inside the prototype. The motion displacement of the slider is measured by the linear laser sensor with a resolution of 10nm. The data from the linear laser sensor is controlled and saved by the PC.
IV. EXPERIMENTS AND RESULTS

A. EXPERIMENTAL SYSTEM
B. RESULTS
The working performance of the proposed walking type piezoelectric actuator based on the parasitic motion of the flexure mechanism has been investigated quantitatively. Figure 6 shows the stepping performance of the prototype under different input voltage. It is seen in Figure 6 (a) that the prototype can achieve stable stepping motion under different input voltage U (U =U 1 =U 2 ). Large motion stroke is achieved easily by this stepping motion. In every single stepping motion, the displacement L goes up quickly (L 1 ), and then keeps stable, and finally falls down again (L 2 ), since the utilization of square wave input voltage U . In the case that the input voltage U is higher, the motion displacement L is larger, which means that the input voltage greatly influences the stepping performance of the proposed walking type piezoelectric actuator. The stepping displacement L under different input voltage U is investigated and illustrated in Figure 6 (b). It is shown that in the case that the input voltage U increases from U =30 V to U =100 V, the stepping displacement Lrises up as well. In the case the input voltage U is U =100 V, the stepping displacement Lis L=1.75 µm. In the case that the input voltage U is U =30 V, the stepping displacement L falls down to the minimum L=0.18 µm. Therefore, the resolution of the proposed piezoelectric actuator is thought to be 0.18 µm under the frequency of f =1 Hz. The linear fitting line in Figure 6 (b) is L =0.0228U -0.6456, with a correlation coefficient of R 2 =0.951. When the input voltage U is smaller than 30 V, the proposed walking type piezoelectric actuator cannot work stable, hence, the working range of the input voltage is from U =30 V to U =100 V. Figure 7 demonstrates the stepping performance under different input frequency f . In Figure 7 (a), it is seen that the proposed walking type piezoelectric actuator can achieve stable stepping motion under different input frequency. The stepping displacement L changes with the input frequency f . It can be seen in Figure 7 (b) that in the case the input frequency f is below f =20 Hz, the stepping displacement L vibrates around L=1.5µm. The reason behind the fluctuations is thought to be caused by the assemble errors or the vibrations of the proposed actuator. However, after the input frequency f is larger f =20 Hz, the stepping displacement L declines slowly. And then, in the case that the input frequencyf is larger than f =40 Hz, the proposed walking type piezoelectric actuator cannot move stably.
The speed performance is also one significant performance of the proposed walking type piezoelectric actuator, which is greatly influenced by the input frequencyf . The motion speed V s of the proposed walking type piezoelectric actuator under different input frequency f is illustrated in Figure 8 . Here, the motion speed V s is obtained by the following equation:
It is shown in Figure 8 that, in the case that the input frequency f is below f =20 Hz, the motion speed V s keeps raising up from V s =1.75 µm/s to V s =39.78 µm/s. Since the speed is obtained by the frequency f and the stepping displacement L, the fluctuation of the speed V s is also observed in the case that the frequency is between f =10 Hz and f =20 Hz. In the case that the input frequencyf is larger f =30 Hz, the motion speed V s of the proposed walking type piezoelectric actuator falls down quickly. Figure 9 shows the load performance under different output force F g . The stand weight method was utilized to investigate the output force of the proposed walking type piezoelectric actuator. It is seen from Figure 9 that the stepping displacement L decreases with the increasing output force F g . In the case that the output force is F g =100 g, the stepping displacement declines to be L=0.33 µm. If the output force F g is larger than F g =100g, the proposed walking type piezoelectric actuator cannot achieve stable linear motion.
V. CONCLUSIONS
In this study, a walking type piezoelectric actuator based on the parasitic motion of asymmetrical flexure mechanisms is proposed and tested. The working performance has been investigated by experiments. Experimental results indicate that the parasitic motion of flexure mechanisms can be utilized to simplify the walking type piezoelectric actuator. Only two piezoelectric elements with two input signals are needed for the stepping motion of walking type actuators. Additionally, the input voltage and frequency has great influence on the working performance (stepping performance, speed performance, and load performance) of the proposed walking type piezoelectric actuator. The maximum stepping displacement is L=1.75 µm under the condition of U =100 V and f =1 Hz. The minimum stepping displacement is L=0.18 µm, under the condition of U =30 V and f =1 Hz. The maximum motion speed is V s =39.78 µm in the case that U =100 V and f =20 Hz. This study verifies the feasibility of the design and simplification of walking type piezoelectric actuators with the parasitic motion of flexure mechanisms, which shows a new idea for the research of piezoelectric actuators. More future work are needs for the potential applications in optical engineering and cell manipulation systems.
